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Abstract Obesity is a risk factor for metabolic diseases.
Intramuscular lipid accumulation of ceramides, diacylgly-
cerols, and long chain acyl-CoA is responsible for the
induction of insulin resistance. These lipids are probably
implicated in obesity-associated insulin resistance not only
in skeletal muscle but also in fat tissue. Only few data are
available about ceramide content in human subcutaneous
adipose tissue. However, there are no data on DAG and
LCACoA content in adipose tissue. The aim of our study
was to measure the lipids content in human SAT and epi-
cardial adipose tissue we sought to determine the bioactive
lipids content by LC/MS/MS in fat tissue from lean non-
diabetic, obese non-diabetic, and obese diabetic subjects and
test whether the lipids correlate with HOMA-IR. We found,
that total content of measured lipids was markedly higher in
OND and OD subjects in both types of fat tissue (for all
p \ 0.001) as compared to LND group. In SAT we found
positive correlation between HOMA-IR and C16:0-Cer
(r = 0.79, p \ 0.001) and between HOMA-IR and C16:0/
18:2 DAG (r = 0.56, p \ 0.001). In EAT we found a strong
correlation between C16:0-CoA content and HOMA-IR
(r = 0.73, p \ 0.001). The study showed that in obese and
obese diabetic patients, bioactive lipids content is greater in
subcutaneous and epicardial fat tissue and the particular
lipids content positively correlates with HOMA-IR.
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EAT Epicardial adipose tissue
ESI Electrospray ionization
FFA Free fatty acid(s)
LCACoA Long chain acyl coenzyme A
GLUT4 Glucose transporter type 4
HOMA-IR Homeostasis model assessment
IL-6 Interleukin-6
LC/MS/MS Liquid chromatography/tandem mass
spectrometry
LND Lean non-diabetic
MCP-1 Monocyte chemoattractant protein-1
OD Obese diabetic
OND Obese non-diabetic
PAI-1 Plasminogen activator inhibitor-1






TNF-a Tumor necrosis factor-a
VAT Visceral adipose tissue
Introduction
Obesity is a complex metabolic disorder often associated
with insulin resistance, type 2 diabetes, cardiovascular
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diseases and cancer. The molecular changes in adipose tissue
that promote these disorders are not completely understood.
For a long time, fat tissue was perceived as storage of free
fatty acids (FFA) in the form of triacylglycerols (TAG). Over
the last years, this perception of adipose tissue has been
replaced by the notion that adipose tissue has a central role in
lipid and glucose metabolism: expressing and secreting fac-
tors that play important endocrine functions. These factors
include leptin, adiponectin, tumor necrosis factor-a (TNF-a),
monocyte chemoattractant protein-1 (MCP-1), interleukin-6
(IL-6) and plasminogen activator inhibitor-1 (PAI-1) [1–3].
Over the years, studies have strengthened the notion that
obesity is not a homogeneous condition and that the regional
fat distribution is an important indicator for metabolic and
cardiovascular alterations [4, 5].
The obesity epidemic has drawn attention to visceral
adipose tissue (VAT) as a risk factor for type 2 diabetes
and cardiovascular diseases. VAT has been shown to be
very important source of circulating FFA. The FFA are
much more easily liberated from visceral fat than from
subcutaneous fat. Excess of plasma FFA leads to increased
FFA uptake by tissues e.g. skeletal muscle and in the result,
to intramuscular lipid accumulation. Several lines of evi-
dence suggest that visceral adiposity rather than general
adiposity might play an important role in the development
of insulin resistance and cardiovascular diseases [6–8].
Epicardial adipose tissue (EAT) is a type of visceral fat that
has not been studied as thoroughly as VAT and subcuta-
neous abdominal adipose tissue (SAT) [9]. EAT as a fat
depot might function as a lipid-storing tissue–source of
FFA, and as an endocrine organ secreting hormones and
other biologically active molecules, which affect glucose
homeostasis, energy metabolism, body weight regulation
and insulin sensitivity [10–15]. It must be underlined that
lipolytic activity in EAT is even higher than in other vis-
ceral fat tissues [16]. Data from several studies suggest that
accumulation of intramuscular lipids is responsible for
induction of insulin resistance in the tissue [17, 18].
Among these lipids are: ceramides (Cer)—central mole-
cules in sphingolipid metabolism, diacylglycerols (DAG)
and long chain acyl-CoA (LCACoA). These lipids are
probably implicated not only in obesity-associated skeletal
muscle but also fat tissue insulin resistance. Recent evi-
dence suggests that adipose tissue inflammation and
abnormalities in sphingolipid metabolism may contribute
to the metabolic disorders associated with obesity [19]. It
has been shown, that ceramide is implicated in the patho-
genesis of obesity, insulin resistance [20, 21] and cardio-
vascular disease [22–24]. Although there is some evidence
that ceramide affects insulin stimulated glucose uptake in
adipose tissue in the same way as in skeletal muscle, there
is very little information about biologically active lipids in
SAT. We found only three reports on the ceramide content
in human SAT [25–27]. Ceramide content was higher in
SAT of obese men and women compared to lean non-
diabetic subjects when the content of Cer was expressed per
adipocyte [27]. Moreover, the ceramide level was more
highly elevated in the SAT of obese woman with fatty liver
than in body mass index (BMI)-matched obese individuals
with no hepatic steatosis [25]. However, another report
indicated that total adipose tissue ceramide content was
lower in the adipose tissue from obese non-diabetic (OND)
and obese diabetic (OD) subjects compared to lean non-
diabetic (LND) people in spite of greater mRNA levels of
SMases, SPT and CDases [26]. Another, in vitro, study
demonstrated that ceramide plays an important role in the
induction of insulin resistance in the adipocytes [28], but the
contribution of adipose tissue to the disorder is still unclear.
Nothing is known about DAG and LCACoA in adipose
tissue and its implication in adipocytes as well as whole
body insulin resistance. Recently, it has been found that
DAG activates PKCe that results in inhibition of insulin
stimulated insulin receptor kinase activity and in the result
causes hepatic insulin resistance [29]. However, there is no
information about the content of biologically active lipids in
visceral fat. Therefore the aim of the present study was to
examine the effect of obesity and type 2 diabetes on
sphingolipid, DAG, and LCACoA content in human sub-
cutaneous fat and epicardial fat tissue (as visceral fat tissue)
and to understand whether relationships exist between the
content of these particular lipids and insulin sensitivity.
Materials and Methods
The study included 41 patients undergoing elective coro-
nary bypass graft surgery. The subjects were divided into
three groups: (1) lean (BMI B 26.0, n = 14) without a
history of diabetes and with normal fasting blood glucose
(B100 mg/dl) and glycated hemoglobin (B6.5 %) level, (2)
obese (BMI C 30.0) without a history of diabetes and with
normal fasting glycemia and glycated hemoglobin level
(n = 12) and (3) obese with type 2 diabetes (n = 15). In
the obese diabetic group only patients who were diagnosed
as type 2 diabetic of 5–7 years duration were included in
the study. All participants according to NYHA (New York
Heart Association) were classified to second class that is
characterized as mild symptoms and slight limitation dur-
ing ordinary activity. Six of the volunteers with type 2
diabetes received insulin, two of them received metformin,
one received metformin and sulfonylurea, one received
insulin together with metformin, and two of the patients
were on a diet. All patients were around 60 years old. We
used a homeostasis model assessment for calculating
insulin resistance (HOMA-IR). Blood samples were taken
in a fasting state from the antecubital vein into heparinized
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tubes at the day of the surgery. At the beginning of the
surgical intervention, a sample of epicardial adipose tissue
was taken from the anterior wall of the left ventricle.
Subcutaneous adipose tissue was taken from the subcuta-
neous fat on the sternum. Dissected tissues were promptly
frozen in liquid nitrogen and then stored at -80 C until
further processing. During the surgery, blood glucose lev-
els were kept within the physiologic range in all patients.
The investigation conforms to the principles outlined in the
Declaration of Helsinki and was approved by the Ethical
Committee for Human Studies of the Medical University of
Bialystok. All patients gave their informed consent prior to
their inclusion in the study.
Blood Samples
We measured plasma FFA concentration using UPLC/MS
according to Persson et al. [30]. Briefly, the concentrations
of FFA were measured against a six point standard curve
constructed by taking 250 ll of the 400-lM stock solution
and making dilutions with 10 mM phosphate buffer to yield
400, 200, 100, 50, 25 and 0 lM standards. Aliquots of
100 ll of plasma were taken for extraction. A quantity of
50 ll of the heptadecanoate internal standard solution was
spiked to each concentration standard and each plasma
sample. The standards and plasma samples were extracted
with freshly prepared Dole solution composed of isopropa-
nol:heptanes:1 M H2SO4 (40:10:1; v/v/v). The extracts were
allowed to dry under nitrogen. The dried samples were
resuspended in 100 ll of buffer A prior to injecting 10 ll
onto the LC/MS (Agilent 6460 triple quadrupole) coupled
with a Agilent 1290 Infinity UPLC system. Fatty acids were
separated on the LC using a reverse-phase Zorbax SB-C18
column 2.1 9 150 mm, 1.8 lm, using two buffers. Buffer A
was 80 % acetonitrile, 0.5 mM ammonium acetate; buffer B
was 99 % acetonitrile, 1 % 0.5 mM ammonium acetate. The
flow rate was 0.4 ml/min, and the gradient conditions were
as follows: 0–3 min isocratic at 55 % B, 3–3.2 min
55–95 % B, 3.2–5 min isocratic at 95 % B, 5–5.5 min
55–95 % B, and 5.5–7 min isocratic at 55 % B.
Moreover, we measured plasma triacylglycerols, total
cholesterol, HDL-cholesterol and LDL-cholesterol concen-
tration. The plasma samples were stored at -80 C before
analysis. We also measured the fasting plasma insulin and
glucose concentration for calculation HOMA-IR (homeo-
stasis model assessment) to estimate insulin resistance.
Adipose Tissue Bioactive Lipids
Sphingolipids
The content of sphingolipids was measured using a UPLC/
MS/MS approach according to Blachnio-Zabielska et al.
[31]. Briefly, the adipose tissue samples (40 mg) were
homogenized in a solution composed of 0.25 M sucrose,
25 mM KCl, 50 mM Tris and 0.5 mM EDTA, pH 7.4.
Immediately afterwards, 50 ll of the internal standard
solution (17C-sphingosine and 17C-S1P, and C17-Cer
Avanti polar lipids) as well as 1.5 ml of an extraction
mixture (isopropanol:water:ethyl acetate, 30:10:60; v:v:v)
were added to each homogenate. The mixture was vor-
texed, sonicated and then centrifuged for 10 min at
4,000 rpm (Sorvall Legend RT). The supernatant was
transferred to a new tube and pellet was re-extracted. After
centrifugation supernatants were combined and evaporated
under nitrogen. The dried sample was reconstituted in
100 ll of LC Solvent A (2 mM ammonium formate,
0.15 % formic acid in methanol) for UPLC/MS/MS anal-
ysis. Sphingolipids were analyzed by means of an Agilent
6460 triple quadrupole mass spectrometer using positive
ion electrospray ionization (ESI) source with multiple
reaction monitoring (MRM). The chromatographic sepa-
ration was performed using an Agilent 1290 infinity ultra
performance liquid chromatography (UPLC). The analyti-
cal column was a reverse-phase Zorbax SB-C8 column
2.1 9 150 mm, 1.8 lm. Chromatographic separation was
conducted in binary gradient using 2 mM ammonium for-
mate, 0.15 % formic acid in methanol as solvent A and
1.5 mM ammonium formate, 0.1 % formic acid in water as
solvent B at the flow rate of 0.4 ml/min.
Diacylglycerols
Diacylglycerols were extracted together with sphingolipids.
A known amounts (50 ng) of internal standard (1,3 dipen-
tadecanoyl-sn-glycerol) was added to each sample. Next,
samples were extracted as described above. The following
DAG were quantified: C18:1/18:2, C16:0/18:2, C16:0/16:0,
C16:0/18:1, C18:0/20:0, C18:0/18:1, C18:1/18:1, C18:0/
18:2 and C16:0/18:0 using UPLC/MS/MS. The chromato-
graphic separation was performed using an Agilent 1290
infinity ultra performance liquid chromatography (UPLC).
The analytical column was a reverse-phase Zorbax SB-C8
column 2.1 9 150 mm, 1.8 lm. Chromatographic separa-
tion was conducted in a binary gradient using 2 mM
ammonium formate, 0.15 % formic acid in methanol as
solvent A and 1.5 mM ammonium formate, 0.1 % formic
acid in water as solvent B at the flow rate of 0.4 ml/min.
Long-Chain AcylCoA
LCACoA was measured according to Blachnio-Zabielska
et al. [32]. Briefly, LCACoA was extracted with the use of
ACN:2-propanol:methanol (3:1:1; v:v:v). A known amount
of heptadecanoyl-CoA was added as an internal standard.
The molecules (C14:0-CoA, C16:0-CoA, C16:1-CoA,
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C18:2-CoA, C18:1-CoA, C18:0-CoA, C20:0-CoA) were
separated on a reverse-phase Zorbax SB-C18 column
2.1 9 150 mm using a binary gradient with ammonium
hydroxide (NH4OH) in water and NH4OH in ACN. The
LCACoA were quantified using multiple reaction moni-
toring (MRM) on a Triple quadrupole mass spectrometer in
positive electrospray ionization (ESI) mode.
Statistical Analysis
All data are presented as means ± SD. Data were analyzed
by one-way analysis of variance (ANOVA), followed by
the Newman–Keuls post hoc test. p values \0.05 were
taken to indicate statistical significance.
Results
Clinical Characteristics
Clinical characteristics of the studied groups are given in
Table 1. In the obese non-diabetic group and in the obese
diabetic group the BMI was 37 % (p \ 0.01) and 53 %
(p \ 0.001) higher as compared to lean non-diabetic par-
ticipants. The blood glucose concentration in the obese
diabetic group was about 54 % (p \ 0.001) and 58 %
(p \ 0.001) higher compared to the lean non-diabetic and
obese non-diabetic subjects respectively. The plasma
insulin concentration was 62 % (p \ 0.001) and 31 %
(p \ 0.01) higher in obese diabetic participants as com-
pared to the lean non-diabetic and obese non-diabetic
subjects respectively. There were no significant differences
in the content of glucose and insulin concentration between
lean non-diabetic and obese non-diabetic subjects. There
were also no significant differences in total plasma
cholesterol concentration between the three groups.
Plasma HDL-cholesterol concentration was almost 40 %
(p \ 0.01) lower in obese diabetic group as compared to
the lean individuals. Plasma concentration of the LDL-
cholesterol fraction was 49 % (p \ 0.05) and 72 %
(p \ 0.001) higher in the obese non-diabetic and the obese
diabetic groups respectively as compared to the lean group.
Plasma triglycerides concentration was 63 % (p \ 0.01)
and 82 % (p \ 0.01) higher in the obese non-diabetic and
obese diabetic groups, respectively compared to the lean
participants. The value of glycated hemoglobin (HbA1c)
was almost 29 % (p \ 0.01) higher in the obese diabetic
group as compared to the lean control group. HOMA-IR
significantly increased only in the obese diabetic group
(p \ 0.001).
Plasma FFA Concentration (Table 2)
All the fatty acid species measured were elevated in the
plasma of both obese groups. The greatest increase in both
obese groups was observed in palmitate (C16:0) (*2.5
times, for both p \ 0.001) and in stearic acid (C18:0)
concentrations (by 100 %, for both p \ 0.001) comparing
to the lean non-diabetic group. The concentration of oleic
acid (C18:1) increased by 63–70 % (for both p \ 0.001) in
the obese non-diabetic and obese diabetic groups respec-
tively. The concentration of arachidonic acid (C20:4)
increased by around 30 % in the obese non-diabetic group
and by 48 % (p \ 0.001) in the obese diabetic group.
The linoleic acid (C18:2) concentration increased by
around 54–43 % in the obese non-diabetic and obese
diabetic groups, respectively (for both p \ 0.01). The
smallest, but still significant changes were noticed in
myristic acid (C14:0) and palmitoleic acid (C16:1). The
Table 1 Anthropometric and clinical parameters in the studied
groups
Control Obese Obese ? diabetes
n 14 12 15
Sex (M/F) 8/6 9/3 8/7
Age (years) 64.2 ± 8.4 65 ± 8.2 66 ± 6.7




















83.5 ± 22.1 124.2 ± 30.7a 143.6 ± 38.5c
Triglycerides
(mg/dl)
119.4 ± 33 194.3 ± 67b 216.8 ± 69b
HbA1c (%) 5.9 ± 0.8 6.5 ± 0.9 7.6 ± 1.4b^
HOMA-IR 1.72 ± 0.6 2.06 ± 0.4 4.5 ± 0.9c,*
LVEF (%) 49.4 ± 9.6 37.3 ± 17.1 45.2 ± 15.3
LVEDd (mm) 62.3 ± 4.6 66.4 ± 12.1a 63.7 ± 10.1a
SWT (mm) 13.6 ± 3.9 13.1 ± 2.1 12.2 ± 1.8
LVPWT (mm) 11.7 ± 3.4 12.3 ± 1.9 12.6 ± 2.1
LAD (mm) 43.5 ± 4.7 48.3 ± 6.7a 46.4 ± 4.5
HOMA-IR (mmol/l 9 lU/ml) = fasting glucose (mmol/l) 9 fasting
insulin (lU/ml)/22.5
Values are expressed as mean ± SD
HbA1c glycated hemoglobin, HOMA-IR homeostasis model assess-
ment, LVEF left ventricular ejection fraction, LVEDd left ventricular
end-diastolic diameter, LAD left atrial diameter, SWT septal wall
thickness, LVPWT left ventricular posterior wall thickness
a p \0.05, b p\ 0.01, c p\0.001 versus lean non-diabetic, * p\0.05,
^ p\ 0.01, # p\ 0.001 versus obese non-diabetic
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concentration of the fatty acids increased in both obese
groups by around 20 % (for all p \ 0.05). Total plasma
FFA concentration increased by 80–87 % (for both p\0.001)
in the obese non-diabetic and obese diabetic groups, respec-
tively as compared to lean non-diabetic participants.
Fat Tissue Sphingolipids Content (Table 3)
Subcutaneous Adipose Tissue
The contents of SPA, S1P, C14-Cer, C16-Cer, C18:1-Cer,
C18-Cer and C24:1-Cer in the subcutaneous adipose tissue
were greater in obese diabetic subjects as compared to their
lean non-diabetic counterparts (for all p \ 0.001). In the
obese non-diabetic group the content of SPA, C14-Cer,
C24:1-Cer (for all p \ 0.001), C18:1-Cer and C24-Cer (for
both p \ 0.05) was greater than in the lean non-diabetic
group. Moreover, content of S1P, C16-Cer, C18:1-Cer and
C18-Cer was markedly higher in the obese diabetic group
compared to the obese non-diabetic group (for both
p \ 0.001).
As expected, total ceramide content was higher in both
obese groups as compared to lean non-diabetic subjects
(p \ 0.001). There were also significant differences
between total ceramide content in obese non-diabetic and
obese diabetic group (p \ 0.001).
Epicardial Adipose Tissue
In epicardial adipose tissue, the content of Sph, SPA, S1P,
C14-Cer, C16-Cer, C18:1-Cer, C18-Cer and C24:1-Cer
was higher in the obese diabetic group comparing to the
lean non-diabetic counterpart (for all p \ 0.001). More-
over, the content of Sph, SPA, S1P, C14-Cer, C16-Cer (for
all p \ 0.001) and C18:1-Cer (p \ 0.05) was greater in the
obese non-diabetic group than in the lean non-diabetic
group. There were also differences in sphingolipid content
between both obese groups. The content of Sph, C14-Cer
(for both p \ 0.05), S1P, C18:1-Cer, C18-Cer and C24:1-
Cer (for all p \ 0.001) was higher in the obese diabetic
group as compared to the obese non-diabetic group. Total
ceramide content was higher in both obese groups com-
paring to the lean non-diabetic group (for both p \ 0.001)
and was significant higher in the obese diabetic group as
compare to the obese non-diabetic group (p \ 0.01).
Fat Tissue DAG Content (Table 4)
Subcutaneous Adipose Tissue
In subcutaneous fat tissue, the content of C18:1/C18:2,
C16:0/18:2, C16:0/16:0, C18:0/18:1 (for all p \ 0.001),
C16:0/18:1 (p \ 0.01) and C18:1/18:1 (p \ 0.05) increased
in the obese diabetic group as compared to lean subjects.
The level of C16:0/18:2, C18:1/18:0 (for both p \ 0.001),
C16:0/18:1 (p \ 0.01) and C18:1/18:1 (p \ 0.05) was
higher in the obese non-diabetic group as compared to the
lean non-diabetic group. There were also differences in
C16:0/16:0 (p \ 0.001) and C18:1/18:2 (p \ 0.05) content
between both obese groups. The higher content of the
compounds was noticed in the obese diabetic group. As
expected, total DAG content increased in both obese groups
as compared to the lean control group (for both p \ 0.001).
Epicardial Adipose Tissue
All measured DAG species increased in the obese diabetic
group (for all p \ 0.001, except C18:0/18:2 where
p \ 0.01) as compared to the lean non-diabetic group.
Elevated content of all measured DAG (for all p \ 0.001
except C16:0/18:2 and C18:0/18:2 where p \ 0.01) was
also noticed in the obese non-diabetic group as compared
to the lean control group. Moreover, increased content of
C16:0/16:0 (p \ 0.05) and C18:0/18:1 (p \ 0.01) was
observed in the obese diabetic group comparing to the
obese non-diabetic group. As expected, total DAG content
in that tissue was also greater in both obese groups as
compared to the lean control group (for both p \ 0.001).
Fat Tissue LCACoA Content (Table 5)
Subcutaneous Adipose Tissue
In both obese groups, the content of C16:1-CoA, C18-CoA
(for both p \ 0.05), C16-CoA and C18:1-CoA (for both
p \ 0.01), was greater as compared to the lean non-diabetic
Table 2 Plasma FFA concentration in lean non-diabetic, obese non-diabetic, and obese diabetic groups
C14 C16:1 C16 C18:2 C18:1 C18 C20:4 Total
LND 13.3 ± 2.9 23.4 ± 2.9 89.3 ± 6.4 26.8 ± 4.8 154.6 ± 11.4 41.3 ± 2.7 18.7 ± 1.9 372.4 ± 32.5
OND 16.12 ± 3.8a 27.9 ± 4.1a 223.8 ± 36.2c 41.2 ± 5.8b 252.7 ± 37,7c 85.0 ± 11.9c 24.3 ± 2.7c 671.0 ± 94.5c
OD 16.37 ± 2.9a 28.3 ± 3.5a 238.3 ± 37.3c 38.3 ± 6.1b 263.7 ± 47.5c 82.5 ± 8.3c 27.7 ± 3.3c 695.2 ± 102.0c
Values are expressed in nmol/ml (mean ± SD)
LND lean non-diabetic, OND obese non-diabetic, OD obese diabetic
a p \ 0.05, b p \ 0.01, c p \ 0.001 versus lean non-diabetic
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group. The total LCACoA content was also greater in both
obese groups (p \ 0.001) comparing to the lean control
group. There were no statistical differences between both
obese groups.
Epicardial Adipose Tissue
In the epicardial fat tissue, the content of C14-CoA, C16:1-
CoA (for both p \ 0.05), C16-CoA, C18:1-CoA and C18-
CoA (for all p \ 0.001) was greater in the obese diabetic
group comparing to the lean control group. In the obese
non-diabetic group, content of C14-CoA, C18-CoA (for
both p \ 0.01), C16-CoA and C18:1-CoA (p \ 0.001) was
higher comparing to the lean non-diabetic group. There
was a difference in C16-CoA content between both obese
groups. The content of C16-CoA was greater in the obese
diabetic group as compared to the obese non-diabetic group
(p \ 0.001). The total LCACoA content was also higher in
the both obese groups (for both p \ 0.001) comparing to
the lean non-diabetic group. There were no differences in
total LCACoA content between both obese groups.
Associations Between Bioactive Lipids
and HOMA-IR (Fig. 1)
We found a strong positive correlation between the total
content of ceramide in subcutaneous fat and HOMA-IR
(r = 0.78, p \ 0.001). The strongest correlation was
noticed with C16-Cer (r = 0.79, p \ 0.001). We did not
find such a correlation in epicardial fat tissue. There was
also a positive correlation between total DAG content
in subcutaneous fat tissue and HOMA-IR (r = 0.64,
p \ 0.001) and between HOMA-IR and 16/18:2 DAG
(r = 0.56, p \ 0.001). No such associations were detected
in epicardial fat tissue. In epicardial fat tissue we found a
strong correlation between C16:0-CoA content and
HOMA-IR (r = 0.73, p \ 0.001).
Associations Between Bioactive Lipids and Cardiac
Structure Alterations
We found highly significant (p \ 0.001 in all cases) cor-
relations between the content of some lipid species deter-
mined in adipose tissue samples and the left ventricular
end-diastolic diameter (LVEDd) of the heart. Namely,
there was a positive relationship between LVEDd and the
level of sphinganine, C18:1-CoA, total acyl-CoA and 18:1/
18:1-DAG in the subcutaneous adipose tissue (r = 0.64,
0.59, 0.61 and 0.63, respectively). Moreover, a similar
correlation was observed for 16:0/18:2-DAG content in the
epicardial adipose tissue (r = 0.59). These findings suggest
the existence of a link between adipose tissue lipid
metabolism and alterations in cardiac structure related to
the development of cardiomyopathy. However, further
studies are required to reveal the nature of this relationship.
Discussion
Obesity is a major global health concern that increases the
risk of metabolic and cardiovascular disease. Most of the
work in the field of lipid accumulation, obesity and insulin
resistance has focused on lipid metabolism in skeletal
muscle [20, 33–39]. Although fat tissue is not the main
tissue responsible for insulin stimulated glucose uptake, it
seems to be the major tissue responsible for induction of
the whole body insulin resistance. Our goal was to under-
stand whether adipose tissues lipid content is altered in
different fat tissue depots in obese non-diabetic and obese
diabetic humans and, if so, whether there was any associ-
ation between adipose tissue lipids and insulin resistance.
In most works about obesity, fat tissue and insulin resis-
tance, only triacylglycerols and adipokines have been taken
into consideration. Ours is the first study to provide a
comprehensive profile of the distinct molecular species not
Table 5 LCACoA content in white subcutaneous adipose tissue and epicardial fat tissue in lean non-diabetic, obese non-diabetic, and obese
diabetic groups
C14-CoA C16:1-CoA C16-CoA C18:2-COA C18:1-CoA C18-CoA C20-CoA Total
SubQ
LND 0.021 ± 0.010 0.035 ± 0.013 0.050 ± 0.01 0.11 ± 0.02 0.30 ± 0.06 0.05 ± 0.02 0.034 ± 0.018 0.60 ± 0.09
OND 0.019 ± 0.005 0.046 ± 0.011a 0.068 ± 0.01b 0.11 ± 0.04 0.39 ± 0.10b 0.07 ± 0.02a 0.035 ± 0.009 0.74 ± 0.07c
OD 0.025 ± 0.020 0.045 ± 0.012a 0.065 ± 0.01b 0.12 ± 0.03 0.37 ± 0.09b 0.07 ± 0.02a 0.042 ± 0.015 0.74 ± 0.08c
Epicardial
LND 0.021 ± 0.005 0.048 ± 0.01 0.06 ± 0.01 0.13 ± 0.02 0.35 ± 0.07 0.07 ± 0.02 0.046 ± 0.01 0.73 ± 0.07
OND 0.030 ± 0.009b 0.053 ± 0.01 0.09 ± 0.02c 0.13 ± 0.03 0.51 ± 0.10c 0.10 ± 0.03b 0.047 ± 0.01 0.97 ± 0.13c
OD 0.032 ± 0.018a 0.063 ± 0.01a 0.12 ± 0.02c,* 0.14 ± 0.03 0.53 ± 0.12c 0.11 ± 0.02c 0.052 ± 0.01 1.06 ± 0.13c
Values are expressed in pmol/mg tissue (means ± SD)
LND lean non-diabetic, OND obese non-diabetic, OD obese diabetic, SubQ subcutaneous fat tissue
a p \ 0.05, b p \ 0.01, c p \ 0.001 versus lean non-diabetic, * p \ 0.05 versus obese non-diabetic
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only of ceramides but also of DAG (TIC of DAG in SAT is
presented in Fig. 2) and LCACoA within two fat depots
(visceral and subcutaneous) of lean non-diabetic, obese
non-diabetic and obese diabetic subjects. We have found
that the lipid content is elevated in both fat tissue depots.
As mentioned above, intramuscular accumulation of the
lipids impairs insulin action in skeletal muscle and liver.
In-vitro studies revealed that in 3T3-L1 adipocytes and in
brown adipocytes, ceramide impairs insulin stimulated
GLUT4 expression and glucose uptake [28]. It has also
been shown that ceramide mediates the effect of TNF-a on
GLUT4 mRNA content in these cells [40, 41]. Data from
brown adipocytes suggest that the de novo ceramide
biosynthesis plays a main role in mediating the effect of
TNF-a on insulin action in these cells. There are few data
from in vitro studies, showing, that pharmacological
reduction of glycosphingolipids in cultured adipocytes
strikingly improves glycemic control [42]. Such data prove
that sphingolipids play an important role not only in reg-
ulating skeletal muscle but also adipocyte insulin sensi-
tivity. There is some, but limited information about
ceramides in human subcutaneous tissue [27]. Our previous
work [26] provided information that ceramide metabolism
in human subcutaneous tissue from lean healthy subjects
differs from that in both obese non-diabetic and obese
diabetic participants. We have demonstrated that total
ceramide content decreased in subcutaneous fat tissue in
both obese non-diabetic and obese diabetic patients com-
pared to lean non-diabetic subjects. In the present work we
have found, that total ceramide content as well as other
measured lipids were greater in the both obese groups
comparing to the lean non-diabetic group. It should be
underlined, that although in both studies we used subcu-
taneous fat tissue, the tissue was taken from different
places. In the previous study [26], the fat was taken from
the abdominal region and in the present study the tissue
was taken from the subcutaneous fat on the sternum. It
appears that the differences in metabolic activity between
fat tissues relates not only to subcutaneous and visceral but
also to subcutaneous fat tissue from different regions [43,
44]. Obesity is associated with a state of chronic, low-grade
inflammation and with increased plasma FFA concentra-
tions which likely contributes to ceramide accumulation.
Ceramide synthesis is activated by a variety of mediators,
including proinflammatory cytokines, and an increased
level of free fatty acids [45, 46]. In our work, we measured
plasma FFA concentration and we found, that the con-
centration of plasma FFA is greater in both obese groups
then in the lean group. The highest increase was found in
saturated fatty acids concentrations (stearic acid and pal-
mitic acid). There is some data showing that palmitate is
responsible for lower adiponectin expression in fat tissue
[47]. It is possible, that the mentioned effect of palmitate
on adiponectin expression could occur through the
increased level of bioactive lipids that contain palmitate.
Another key finding of our study was the positive cor-
relation between total ceramide content in SAT and
HOMA-IR (r = 0.78) and between C16-Cer content in
subcutaneous fat tissue and HOMA-IR (r = 0.79)
(Fig. 1a). Moreover, other positive correlations were found
Fig. 1 Relationship between HOMA-IR and lipids content in fat
tissue. a Filled triangles correlation between total ceramide content in
subcutaneous fat tissue and HOMA-IR; diamonds correlation between
C16-Cer content in subcutaneous fat tissue and HOMA-IR, b Filled
triangles correlation between total DAG content in subcutaneous fat
tissue and HOMA-IR; diamonds correlation between C16:0/18:2
DAG content in subcutaneous fat tissue and HOMA-IR, c Filled
triangles correlation between total C16-CoA content in epicardial fat
tissue and HOMA-IR
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Fig. 2 TIC total ion current of DAG in human subcutaneous adipose tissue (a). Peaks of particular DAG species (b)
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between HOMA-IR and total DAG content in SAT and
between HOMA-IR and C16:0/18:2 (r = 0.56 and
r = 0.64, respectively, Fig. 1b). We did not observe such a
relation in epicardial fat tissue. However, we found a
correlation between C16-CoA content in epicardial fat
tissue and HOMA-IR (r = 0.73), (Fig. 1c). In the all cases
(ceramide, DAG in subcutaneous fat tissue and LCACoA
in epicardial fat tissue), the strongest correlation was found
with the molecule containing palmitate. A strong positive
correlation between hepatic DAG content in lipid droplets
and HOMA-IR values had previously been found and that
hepatic DAG content in lipid droplets is the best predictor
of insulin resistance [48]. Moreover it has been postulated
that increases in intracellular diacylglycerol content lead to
activation of new protein kinase C (PKC) isoforms that
inhibit insulin action in the liver and skeletal muscle [49].
Our data demonstrated that the biologically active lipids
increase in fat tissue of obese and obese diabetic patients
and correlate with insulin resistance which suggests that
they might play some special role in the induction of whole
body insulin resistance. However, there is still an open
question as to what is the mechanism by which increased
lipids content in adipose tissue affects the whole body
insulin sensitivity.
In conclusion, this is the first report on bioactive lipid
content in human subcutaneous and epicardial adipose tissue
of lean non-diabetic, obese non-diabetic, and obese diabetic
subjects. The study has shown that in obese and obese
diabetic patients, bioactive lipids content is greater in sub-
cutaneous and epicardial fat tissue and the particular lipids
content correlates with insulin resistance (HOMA-IR).
Acknowledgments This work was supported by the Polish Ministry
of Science and Higher Education (grant no. N N401 531840) and by
the Medical University of Bialystok (grant numbers 113-18948 and
113-18949).
Conflict of interest There is no conflict of interest for this study
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Engeli S, Gorzelniak K, Kreutz R, Runkel N, Distler A, Sharma
AM (1999) Co-expression of renin–angiotensin system genes in
human adipose tissue. J Hypertens 17:555–560
2. Scherer PE, Williams S, Fogliano M, Baldini G, Lodish HF
(1995) A novel serum protein similar to C1q, produced exclu-
sively in adipocytes. J Biol Chem 270:26746–26749
3. Winkler G, Kiss S, Keszthelyi L, Sa´pi Z, Ory I, Salamon F, Kova´cs
M, Vargha P, Szekeres O, Speer G et al (2003) Expression of
tumor necrosis factor (TNF)-alpha protein in the subcutaneous and
visceral adipose tissue in correlation with adipocyte cell volume,
serum TNF-alpha, soluble serum TNF-receptor-2 concentrations
and C-peptide level. Eur J Endocrinol 149:129–135
4. Kannel WB (1985) Lipids, diabetes, and coronary heart disease:
insights from the Framingham Study. Am Heart J 110:1100–1107
5. Larsson B (1991) Obesity, fat distribution and cardiovascular
disease. Int J Obes 15(Suppl 2):53–57
6. Iacobellis G, Sharma AM (2007) Epicardial adipose tissue as new
cardio-metabolic risk marker and potential therapeutic target in
the metabolic syndrome. Curr Pharm Des 13:2180–2184
7. Iacobellis G, Ribaudo MC, Leto G, Zappaterreno A, Vecci E, Di
Mario U, Leonetti F (2002) Influence of excess fat on cardiac
morphology and function: study in uncomplicated obesity. Obes
Res 10:767–773
8. Iacobellis G, Sharma AM (2007) Obesity and the heart: redefi-
nition of the relationship. Obes Rev 8:35–39
9. Wajchenberg BL (2000) Subcutaneous and visceral adipose tis-
sue: their relation to the metabolic syndrome. Endocr Rev 21:
697–738
10. Tzanavari T, Giannogonas P, Karalis KP (2010) TNF-alpha and
obesity. Curr Dir Autoimmun 11:145–156
11. Trayhurn P, Wood IS (2004) Adipokines: inflammation and the
pleiotropic role of white adipose tissue. Br J Nutr 92:347–355
12. Prins JB (2002) Adipose tissue as an endocrine organ. Best Pract
Res Clin Endocrinol Metab 16:639–651
13. Owecki M (2009) Fat tissue and adiponectin: new players in
critical care? Crit Care 13:174
14. Gormez S, Demirkan A, Atalar F, Caynak B, Erdim R, Sozer V,
Gunay D, Akpinar B, Ozbek U, Buyukdevrim AS (2011) Adipose
tissue gene expression of adiponectin, tumor necrosis factor-a
and leptin in metabolic syndrome patients with coronary artery
disease. Intern Med 50:805–810
15. Ahima RS (2006) Adipose tissue as an endocrine organ. Obesity
(Silver Spring) 14(Suppl 5):242S–249S
16. Marchington JM, Mattacks CA, Pond CM (1989) Adipose tissue
in the mammalian heart and pericardium: structure, foetal
development and biochemical properties. Comp Biochem Physiol
B 94:225–232
17. Yu C, Chen Y, Cline GW, Zhang D, Zong H, Wang Y, Bergeron
R, Kim JK, Cushman SW, Cooney GJ et al (2002) Mechanism by
which fatty acids inhibit insulin activation of insulin receptor
substrate-1 (IRS-1)-associated phosphatidylinositol 3-kinase
activity in muscle. J Biol Chem 277:50230–50236
18. Shulman GI (2000) Cellular mechanisms of insulin resistance.
J Clin Invest 106:171–176
19. Shah C, Yang G, Lee I, Bielawski J, Hannun YA, Samad F
(2008) Protection from high fat diet-induced increase in ceramide
in mice lacking plasminogen activator inhibitor 1. J Biol Chem
283:13538–13548
20. Summers SA (2006) Ceramides in insulin resistance and lipo-
toxicity. Prog Lipid Res 45:42–72
21. Holland WL, Knotts TA, Chavez JA, Wang LP, Hoehn KL,
Summers SA (2007) Lipid mediators of insulin resistance. Nutr
Rev 65:S39–S46
22. Auge´ N, Maupas-Schwalm F, Elbaz M, Thiers JC, Waysbort A,
Itohara S, Krell HW, Salvayre R, Ne`gre-Salvayre A (2004) Role
for matrix metalloproteinase-2 in oxidized low-density lipopro-
tein-induced activation of the sphingomyelin/ceramide pathway
and smooth muscle cell proliferation. Circulation 110:571–578
23. Auge´ N, Ne`gre-Salvayre A, Salvayre R, Levade T (2000)
Sphingomyelin metabolites in vascular cell signaling and ath-
erogenesis. Prog Lipid Res 39:207–229
24. Hojjati MR, Li Z, Zhou H, Tang S, Huan C, Ooi E, Lu S, Jiang
XC (2005) Effect of myriocin on plasma sphingolipid metabolism
and atherosclerosis in apoE-deficient mice. J Biol Chem 280:
10284–10289
1140 Lipids (2012) 47:1131–1141
123
25. Kolak M, Westerbacka J, Velagapudi VR, Wa˚gsa¨ter D, Yetukuri
L, Makkonen J, Rissanen A, Ha¨kkinen AM, Lindell M, Bergholm
R et al (2007) Adipose tissue inflammation and increased cera-
mide content characterize subjects with high liver fat content
independent of obesity. Diabetes 56:1960–1968
26. Blachnio-Zabielska AU, Pulka M, Baranowski M, Nikolajuk A,
Zabielski P, Gorska M, Gorski J (2012) Ceramide metabolism is
affected by obesity and diabetes in human adipose tissue. J Cell
Physiol 227:550–557
27. Blachnio-Zabielska AU, Koutsari C, Tchkonia T, Jensen MD
(2012) Sphingolipid content of human adipose tissue: relationship
to adiponectin and insulin resistance. Obesity. doi:10.1038/
oby.2012.126
28. Long SD, Pekala PH (1996) Lipid mediators of insulin resistance:
ceramide signalling down-regulates GLUT4 gene transcription in
3T3-L1 adipocytes. Biochem J 319(Pt 1):179–184
29. Jornayvaz FR, Shulman GI (2012) Diacylglycerol activation of
protein kinase Ce and hepatic insulin resistance. Cell Metab 15:
574–584
30. Persson XM, Blachnio-Zabielska AU, Jensen MD (2010) Rapid
measurement of plasma free fatty acid concentration and isotopic
enrichment using LC/MS. J Lipid Res 51:2761–2765
31. Blachnio-Zabielska AU, Persson XM, Koutsari C, Zabielski P,
Jensen MD (2012) A liquid chromatography/tandem mass spec-
trometry method for measuring the in vivo incorporation of
plasma free fatty acids into intramyocellular ceramides in
humans. Rapid Commun Mass Spectrom 26:1134–1140
32. Blachnio-Zabielska AU, Koutsari C, Jensen MD (2011) Mea-
suring long-chain acyl-coenzyme A concentrations and enrich-
ment using liquid chromatography/tandem mass spectrometry
with selected reaction monitoring. Rapid Commun Mass Spec-
trom 25:2223–2230
33. Straczkowski M, Kowalska I, Baranowski M, Nikolajuk A,
Otziomek E, Zabielski P, Adamska A, Blachnio A, Gorski J,
Gorska M (2007) Increased skeletal muscle ceramide level in
men at risk of developing type 2 diabetes. Diabetologia 50:
2366–2373
34. Frangioudakis G, Garrard J, Raddatz K, Nadler JL, Mitchell TW,
Schmitz-Peiffer C (2010) Saturated- and n-6 polyunsaturated-fat
diets each induce ceramide accumulation in mouse skeletal
muscle: reversal and improvement of glucose tolerance by lipid
metabolism inhibitors. Endocrinology 151:4187–4196
35. Adams JM, Pratipanawatr T, Berria R, Wang E, DeFronzo RA,
Sullards MC, Mandarino LJ (2004) Ceramide content is increased
in skeletal muscle from obese insulin-resistant humans. Diabetes
53:25–31
36. Blachnio-Zabielska A, Baranowski M, Zabielski P, Gorski J
(2010) Effect of high fat diet enriched with unsaturated and diet
rich in saturated fatty acids on sphingolipid metabolism in rat
skeletal muscle. J Cell Physiol 225:786–791
37. Blachnio-Zabielska A, Zabielski P, Baranowski M, Gorski J
(2011) Aerobic training in rats increases skeletal muscle sphin-
gomyelinase and serine palmitoyltransferase activity. While
decreasing ceramidase activity. Lipids 46:229–238
38. Blachnio-Zabielska A, Zabielski P, Baranowski M, Gorski J
(2010) Effects of streptozotocin-induced diabetes and elevation
of plasma FFA on ceramide metabolism in rat skeletal muscle.
Horm Metab Res 42:1–7
39. Blachnio-Zabielska A, Baranowski M, Zabielski P, Gorski J
(2008) Effect of exercise duration on the key pathways of cera-
mide metabolism in rat skeletal muscles. J Cell Biochem 105:
776–784
40. Stephens JM, Pekala PH (1992) Transcriptional repression of the
C/EBP-alpha and GLUT4 genes in 3T3-L1 adipocytes by tumor
necrosis factor-alpha. Regulations is coordinate and independent
of protein synthesis. J Biol Chem 267:13580–13584
41. Stephens JM, Pekala PH (1991) Transcriptional repression of the
GLUT4 and C/EBP genes in 3T3-L1 adipocytes by tumor
necrosis factor-alpha. J Biol Chem 266:21839–21845
42. Aerts JM, Ottenhoff R, Powlson AS, Grefhorst A, van Eijk M,
Dubbelhuis PF, Aten J, Kuipers F, Serlie MJ, Wennekes T et al
(2007) Pharmacological inhibition of glucosylceramide synthase
enhances insulin sensitivity. Diabetes 56:1341–1349
43. Tchoukalova YD, Koutsari C, Votruba SB, Tchkonia T,
Giorgadze N, Thomou T, Kirkland JL, Jensen MD (2010) Sex
and depot-dependent differences in adipogenesis in normal-
weight humans. Obesity (Silver Spring) 18:1875–1880
44. Tchoukalova YD, Votruba SB, Tchkonia T, Giorgadze N,
Kirkland JL, Jensen MD (2010) Regional differences in cellular
mechanisms of adipose tissue gain with overfeeding. Proc Natl
Acad Sci USA 107:18226–18231
45. Hannun YA, Obeid LM (2002) The ceramide-centric universe of
lipid-mediated cell regulation: stress encounters of the lipid kind.
J Biol Chem 277:25847–25850
46. Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, Wang
E, Kelly S, Allegood JC, Liu Y, Peng Q et al (2006) Ceramides
and other bioactive sphingolipid backbones in health and disease:
lipidomic analysis, metabolism and roles in membrane structure,
dynamics, signaling and autophagy. Biochim Biophys Acta 1758:
1864–1884
47. Xi L, Qian Z, Xu G, Zhou C, Sun S (2007) Crocetin attenuates
palmitate-induced insulin insensitivity and disordered tumor
necrosis factor-alpha and adiponectin expression in rat adipo-
cytes. Br J Pharmacol 151:610–617
48. Kumashiro N, Erion DM, Zhang D, Kahn M, Beddow SA, Chu X,
Still CD, Gerhard GS, Han X, Dziura J et al (2011) Cellular
mechanism of insulin resistance in nonalcoholic fatty liver dis-
ease. Proc Natl Acad Sci USA 108:16381–16385
49. Erion DM, Shulman GI (2010) Diacylglycerol-mediated insulin
resistance. Nat Med 16:400–402
Lipids (2012) 47:1131–1141 1141
123
